We have sequenced the ebgA (evolved P-galactosidase) gene of Escherichia coli K12. The sequence shows 50% nucleotide identity with the E. coli 1acZ gene, demonstrating that the two genes are related by descent from a common ancestral gene. Comparison of the two sequences suggests that the ebgA gene has recently been under selection. A significant excess of identical, rather than synonymous, codons used to encode identical amino acids at the same positions in the aligned sequences implies that some form of selection is operating directly at the DNA level. This selection is independent of, and in addition to, selection based on codon usage or on function of the gene products.
Introduction
The EBG (evolved P-galactosidase) system of Escherichia coli has been used as a model for the detailed study of acquisitive evolution via changes in the catalytic properties of an enzyme (Hall 1983) .
Wild-type EBG P-galactosidase, encoded by the ebgA gene, is an ineffective lactase. It has a K, of 150 mM lactose, and a V,,, of 620 nmoles hydrolyzed/minute/mg of enzyme, which is an insufficient level of activity to permit growth on lactose even when the protein is synthesized constitutively as 5% of the soluble protein of the cell (Hall and Hart1 1975; Hall 1981) . Two classes of single point mutations (Hall 1977) dramatically improve the activity of ebg enzyme toward lactose (Hall 1976; Hall 198 1) . When both of these mutations are present in the same gene, the double-mutant enzyme hydrolyzes lactose considerably more efficiently than does either single-mutant class (Hall 198 1) . For example, the double-mutant enzyme encoded by the ebgA205 allele has a K, for lactose of 0.93 mM, and a V,,, of 2,000 nmol/min/mg, i.e., V,,,/IS, is improved 537-fold relative to the wild-type enzyme (Hall 198 1) . This may be compared with the I&, of 2.5 mM lactose, and a V,, of 32,600 nmol/min/mg exhibited by the ZacZ P-galactosidase (Huber, Km-z, and Wallenfels 1976) . The wild-type ebg enzyme does not detectably convert lactose to allolactose, whereas the double-mutant enzyme converts lactose to allolactose at -10% of the rate at which it hydrolyzes lactose (Hall 1982) . Thus, as a result of two point mutations, ebg enzyme is able to replace the ZacZ P-galactosidase both with respect to lactose hydrolysis and induction of the lac permease gene and consequently is able to permit growth on lactose as a sole carbon and energy source. Because the ebgA gene can evolve to replace the function of the ZacZ gene, it is of interest to determine the relationship between these two genes. We have therefore compared the sequences of these two genes.
Material and Methods

Isolation and Manipulation of Plasmid DNA
The construction and preparation of plasmid pUF2, containing the cloned ebgA gene, has been previously described (Stokes and Hall 1984) . Purified restriction fragments of cloned DNA were prepared by electroelution from agarose gels (Maniatis et al. 1982) . The DNA was then passed over a BRL NACS-52 prepac column, ethanol precipitated, resuspended in appropriate buffer, and ligated into Ml 3 vectors MP8, MP9, MP18, and MP19 as described by Sanger et al. (1980) . Escherichia coli strain JM 10 1 (Sanger et al. 1980 ) was the host for transformation.
Construction of Recombinant M 13 Clones with Bal 3 1 Nuclease
The appropriate restriction fragments were isolated and suspended in 300 ~1 of Ba13 1 buffer (20 mM Tris-HCl, pH 8.1, 12 mM MgC12, 12 mM CaC12, 60 mM NaCl, 1 mM EDTA). One-half unit of Bal 3 1 was added, and the DNA was digested for l-3 min. Reactions were stopped with 25 mM EDTA. Digested DNA was end repaired with Klenow fragment (Maniatis et al. 1982) , and fragments were cloned into SmaIcut Ml3 vectors.
Nucleic Acid Sequencing DNA sequence was determihed essentially by the dideoxy method of Biggin et al. (1983) , except that 32P was used. To resolve an ambiguity in the sequence, bp 1,793-l ,894 were also sequenced, by the method of Maxam and Gilbert (1977) .
Results
Determination of the ebgA Gene Sequence
Restriction fragments of the segment of plasmid pUF2 that were previously shown to encompass the ebgA gene (Stokes and Hall 1984) were subcloned into appropriate M 13 vectors. The positions and orientations of a subset of those sequenced fragments that define a contiguous ebgA sequence are shown in figure 1 clones (not shown in fig. 1 ) were sequenced, and the majority of the sequence was confirmed by sequencing both strands with overlapping fragments. Figure 2 shows the DNA sequence of ebgA and the deduced amino acid sequence. The correct reading frame was initially established by comparison with the sequences of two ebg peptides that were labeled by an active site-labeling reagent (Fowler and Smith 1983) . In addition, there was only one open reading frame of sufficient length to account for the coding region of ebgA (-3 kb) as previously established (Stokes and Hall 1984) . Table 1 shows the alignment of the ebgA gene with the ZacZ gene (Kalnins et al. 1983 ). The two sequences were aligned by eye, with the aid of the Cornell DNA sequence analysis program (Fristensky, Lis, and Wu 1982) which was used to locate regions of significant similarity. Because the sequences were aligned by eye rather than by an algorithm that "optimizes" identity, the percentage identity shown in table 1 is a minimum estimate. The majority of the gaps used to align the two sequences were in multiples of three bases; however, two of the segments are "out of frame" with respect to each other. The alignment analyzed has 50% DNA sequence identity over 2,665 bp, and 33% amino acid identity over 850 residues.
The sequences of the two ebg peptides identified by Fowler and Smith (1983) as active-site regions differ slightly from the deduced sequences reported here. The only significant difference is that Fowler and Smith reported the labeling of a serine in ebgA corresponding to methionine at position 502 of lad, whereas we identify that residue as a methionine. It is unlikely that this difference arises from allelic differences, since we have sequenced this region on both strands of two additional alleles of ebgA (data not shown), and in each case the deduced amino acid at that position was a methionine, not a serine.
We have also sequenced the region between the termination of the adjacent ebgR gene and the beginning of the ebgA coding sequence ( fig. 3 ). BP 9 l-148 of that region are 47% identical to bp 13-70 of the region between lacl and ZacZ (Dickson et al. 1975) , bp 149-225 are 51% identical to bp l-77 of lad, and bp 226-269 are 52% identical to bp 149-192 of lad.
Discussion
The similarity between the ebgA gene and the 1ac.Z gene of Escherichia coli leads to the conclusion that the two genes are descended from a common ancestral gene, i.e., that they are homologous. This homology is also apparent at the level of the amino acid sequences. If the ebgA gene were not under selection, it would be expected that the substitutions that led to 50% sequence divergence would be randomly distributed. In that case it would be unlikely that lactase activity could be restored by only a few mutations. The observation that only two mutations are required to increase the activity of wild-type EBG enzyme to the point where it approaches that of lad J3-galactosidase therefore implies that the ebgA gene is, or has recently been, under selection.
The sequence identity at the DNA level (50%) exceeds that at the amino acid level (33%). This is consistent with the general observation (Riley 1984 ) that duplicated genes in the same genome exhibit greater nucleotide than amino acid identity. This is in contrast to the observation that homologous genes in different bacterial species exhibit greater amino acid than nucleotide similarity, and that duplicated genes within a genome tend to use identical, rather than synonymous, codons. Riley (1984) has suggested that this is because (1) duplication within a genome is more recent than the time of divergence of related bacterial genera and (2) there has been insufficient time for duplications within genomes to achieve equilibrium value for use of synonymous 2.-Sequence of ebgA and deduced amino acid sequence. The peptide portions corresponding to the active-site peptides of Fowler and Smith (1983) are underlined.
GAC GclFI GGT l-l-T CCG TTC CCC ATC GAT GTG CCG T-I-T GTC CCC AGC GAT CIAC CC-A ACC GGT GCC TAT
GAT CAT TTG GC4 ATT GAA ClAA CTG ACC AGC GCC ACG T-t-T GCT l-l-T ACT G-W GAA CAG CCG
codons. We must demur from this position. Orthologous genes in different organismsi.e., homologous genes that diverged following speciation-are expected to exhibit high amino acid identity arising from selection acting at the amino acid level to preserve identical functions. Thus, amino acid similarity is expected to be higher than nucleotide similarity because the degeneracy of the genetic code permits silent substitutions, predominantly at third positions of the codons. In contrast, paralogous genes-i.e., homologous genes that diverged following gene duplication within the same genomeare expected to diverge more rapidly at the amino acid level as replacements are required for divergence of function. Codon usage patterns, which may depend on the relative abundance of synonymous tRNAs within a species, impose a constraint on FIG. 2 (Continued) the use of synonymous as opposed to identical codons. Thus, within a species, codon usage alone may be expected to conserve nucleotide identity to a degree greater than it does amino acid identity even over very long periods of time. We suggest (Stokes and Hall 1985 , in this issue) that ebgA and ZucZ diverged following genome, rather than simple gene, duplication. Given the similarity of the E. coli and Salmonella typhimurium genetic maps (Riley and Anilionis 1978) , this implies that the duplication event was very ancient and preceded the divergence of E. coli and 5'. typhimurium. Thus there should have been sufficient time for equilibrium to have been reached. As is the case for other duplicated genes in E. coli (Riley 1984) , the use of identical codons by ZacZ and ebgA ( 15 1 identical codons) exceeds the use of synonymous codons (118 synonymous codons) (these values exclude methionine and tryptophan, which NOTE.-Observed = the number of identical or synonymous codons used; expected = the number of identical or synonymous codons expected on the basis of the codon usage for the two sequences. x2 = (observed -expected)*/expected.
' The sum of the x2 values = 3 1.788, which is significant at the 2.5% level for 17 degrees of freedom.
pointed out that the choice of the degenerate third base in a codon exhibits statistical dependence on its nearest neighbors on each side. This also suggests the existence of some sort of selection operating directly on DNA sequences rather than on their products.
